The volcanic reservoir is an important kind of unconventional reservoir. The aqueous phase trapping (APT) appears because of fracturing fluids filtration. However, APT can be autoremoved for some wells after certain shut-in time. But there is significant distinction for different reservoirs. Experiments were performed to study the petrophysical properties of a volcanic reservoir and the spontaneous imbibition is monitored by nuclear magnetic resonance (NMR) and pulse-decay permeability. Results showed that natural cracks appear in the samples as well as high irreducible water saturation. There is a quick decrease of rock permeability once the rock contacts water. The pores filled during spontaneous imbibition are mainly the nanopores from NMR spectra. Full understanding of the mineralogical effect and sample heterogeneity benefits the selection of segments to fracturing. The fast flowback scheme is applicable in this reservoir to minimize the damage. Because lots of water imbibed into the nanopores, the main flow channels become larger, which are beneficial to the permeability recovery after flow-back of hydraulic fracturing. This is helpful in understanding the APT autoremoval after certain shut-in time. Also, Keeping the appropriate production differential pressure is very important in achieving the long term efficient development of volcanic gas reservoirs.
Introduction
Compared to the development of tight sand reservoirs, there is less research focused on the development of volcanic reservoirs. A volcanic reservoir is a type of low porosity and low permeability reservoir. At the same time, anisotropy is a typical characteristic of volcanic formation due to its complex diagenetic environment [1] [2] [3] . Thus, developing this type of reservoir is very challenging. Using a horizontal well with multistage hydraulic fracturing is an important technique for developing volcanic reservoirs. However, for prolific formations, lots of fracturing fluid is retained in the formation after flow-back. Thus, the permeability decreases, and aqueous phase trapping (APT) appears. APT occurs after drilling, hydraulic fracturing, and workover. APT is caused by fluid filtrating into the formation to reduce the formation permeability [4] [5] [6] . However, after the well has been shut-in for some time, the permeability of volcanic reservoirs increases and the APT can be autoremoved to some extent, similar to gas shale [7, 8] . The combination of applying multilateral horizontal drilling and multistage hydraulic fracturing has successfully unlocked unconventionally tight hydrocarbon reservoirs. However, field data show that only a fraction of the large water volume used in hydraulic fracturing treatments is recovered during the flow-back operation. The spontaneous imbibition properties of tight sand and shale reservoirs have been investigated by many experts [9] [10] [11] [12] [13] [14] . However, there is less research related to volcanic reservoirs.
Tight gas reservoirs have strong properties of stress sensitivity, which tremendously reduce production in quickreleasing pressure environments. Lowering the pore pressure as gas is produced increases the confining stresses on the reservoir rock, causing it to compact. This compaction causes a reduction in the effective pore diameter, resulting in a 2 Geofluids decreased permeability. This effect has been studied by several authors [15] [16] [17] [18] [19] [20] [21] . In recent years, low-field nuclear magnetic resonance (NMR) has become a quick, lossless, and effective means of quantitative microstructural characterization of rock formations, and it has been widely used in fine reservoir descriptions of clastic rocks, carbonate, coal, and other conventional reservoirs in the laboratory and well logging. Thus, the nuclear magnetic resonance technique has become a useful tool to research varieties of rock types [22] [23] [24] [25] [26] [27] . To obtain a high production of volcanic reservoirs, additional research on these formations should be carried out. This paper focuses on investigating some petrophysical properties of volcanic rocks in Songliao Basin, China, to provide some reservoir information for the efficient development. The study area is located in Yingtai of Jilin, China. The volcanic rock in this region is extremely heterogeneous with low porosity and low permeability. The multistage horizontal well with hydraulic fracturing procedure is a necessary technique to develop the resources in this location.
This paper contributes to the understanding of APT autoremoval of the prolific volcanic reservoirs and is beneficial for determining the optimal production differential pressure for efficiently developing this type of reservoir.
Samples
The physical parameters of some samples are listed in Table 1 . Volcanic rock samples are mainly taken from the Lower Cretaceous Yingcheng Formation in Yingtai of Jilin, China. The samples were dried at 65 ∘ C before the experiment, until the mass became constant. Sample porosities were measured with a helium porosimeter (KXD-III type). The sample pulse-decay permeability was determined by an ultra-low permeability measurement instrument (YRD-CP200 type).
Confining pressure was exerted by water, while pore pressure was exerted by helium. The test temperature was 25 ∘ C. The porosity and permeability of the volcanic rocks fluctuated greatly. Some samples have similar porosity, but their permeability differs tremendously. This characteristic may account for the heterogeneity of the volcanic reservoir complex. The samples of L1 and L2 were selected for the spontaneous imbibition test, monitored by nuclear magnetic resonance equipment. The main magnetic field had a frequency of 23 MHz, the signal superposition time was 64, the waiting time was 3000 ms, and the echo spacing was 0.116 ms. Samples L3-L8 were selected for one surface spontaneous imbibition test, monitored by a pulse-decay permeability apparatus under a confining pressure of 8 MPa and pore pressure of 5 MPa. Samples L9-L16 were selected for a stress sensitivity experiment under a confining pressure of 10-30 MPa and pore pressure of 6 MPa. All these experiments occurred at atmospheric conditions except for the special illustration.
Experimental Methods
Bulk mineralogical compositions were derived from XRD (X-ray diffraction) patterns, which were measured by a D/max 2500 diffractometer. This experiment was carried out at the State Key Laboratory of Petroleum Resources and Prospecting, in China University of Petroleum, Beijing.
Standard thin section preparation and analysis were carried out here to investigate the regular micropore structure and mineral distribution. In this experiment, the blue epoxy was injected into the rock pores under vacuum. Thin sections were obtained by polishing the bulk rock after the liquid glue was solidified. Due to the pores in the rock being occupied by color glue, the pores and cracks could be distinguished clearly by a microscope. This experiment was also carried out at the State Key Laboratory of Petroleum Resources and Prospecting in China University of Petroleum, Beijing, using a LEICA DFC550 made in Germany.
Centrifuge analyses were conducted by a centrifuge machine with an arm radius of 17 cm. The samples were dried until the mass became constant. Subsequently, the samples were saturated with liquid after they were vacuumed and centrifuged again. The liquids used here were distilled water and anion water and the anion water consisted of sodium dodecyl sulfate (SDS) and distilled water. This experiment was performed at the Education Ministry Key Laboratory of Petroleum Engineering in China University of Petroleum, Beijing.
A nuclear magnetic resonance (NMR) experiment was performed while spontaneous imbibition was carried out using the MicroMR23-025V equipment in Shanghai Niumag Corporation. The principle of NMR is based on the difference in the transverse relaxation times of liquids with different pore sizes-the larger the pores, the longer the transverse relaxation time. The main magnetic field had a frequency of 23 MHZ, the signal superposition time was 64 ms, the wait time was 3000 ms, and the echo spacing was 0.116 ms. The steps of testing are listed as follows. (1) The dry sample was measured by NMR and analytic balance. (2) The sample was soaked into the liquid for a period of time, 150 min for L1 and 120 min for L2, respectively. Then, it was taken out and dried with adsorbent paper, and the oncoming test time interval is about 30 min for both of them. (3) The wet sample was measured by NMR and analytic balance. (4) Steps (2) and (3) were repeated. After the experiment, the spectra as well as the liquid content as a function of imbibition time were obtained.
A pulse-decay permeability experiment in the process of spontaneous imbibition was conducted by the pulsedecay permeability measurement instrument (YRD-CP200 type) at the State Key Laboratory of Petroleum Resources and Prospecting in China University of Petroleum, Beijing. The measurement principle is based on the pressure-decay between the two ends of samples. The logarithm of deferential pressure is a linear function of time. Sample permeability is closely related to the linear slope. The main equations are listed as follows, which is consistent with Cui et al. 2009 [28] .
Dimensionless differential pressure Δ ,
At large experimental time, the Δ can be simplified [29, 30] ,
0 is constant and 1 is shown as
where 1 is
where and are
1 is the first root of the following equation:
At last, the permeability can be expressed as
In this experiment, only one surface of the sample contacted the liquid to monitor the fracturing fluid filtrating into the formation through the surface of the hydraulic fractures. Our spontaneous imbibition testing was consistent with Ghanbari and Dehghanpour [31] . The detailed steps are listed as follows: (1) the permeability and weight of the sample were measured in dry state; (2) one surface of the sample contacted the liquid for a period of time, which is about 30∼50 min in the work, and then it was taken out and dried with adsorbent paper; (3) the permeability and weight of the wet sample were measured; (4) steps (2) and (3) were repeated. After this experiment, the permeability change with imbibition time as well the liquid content as a function of imbibition time can be obtained.
A stress sensitivity experiment was performed by a pulsedecay permeability measurement instrument (YRD-CP200 type) at the State Key Laboratory of Petroleum Resources and Prospecting in China University of Petroleum, Beijing. In this experiment, the permeability was measured under different net confining pressure. In the experimental process, the sample was placed in the pulse-decay permeability equipment, until the entire stress sensitivity experiment was finished.
Results

Analysis of Mineral Components of Rock.
Tight reservoirs usually have strong heterogeneity in mineral composition. The mineral composition may vary significantly through the rock column in the same formation [32] [33] [34] .
The mineral contents of various volcanic rocks are listed in Table 2 . The samples used for XRD tests were derived from fragments when cutting the standard samples. The quartz and total clays make up most of the content, but plagioclase and K-feldspars are also important constituents. The abundance of calcite, dolomite, and pyrite is nearly zero. Quartz is a mineral important in improving the efficiency of hydraulic fracturing [35] . Clays have a large effect on the adsorption of fracturing fluid in volcanic reservoirs [36] .
The important mineralogy of volcanic rock with depth is presented in Figure 1 . The samples were named according to their depth-the larger the sample number, the deeper the sample. The depth range is 3806.9 m∼4101.2 m and sample interval between two samples is about 12.5 m. As shown in Figure 1 , the quartz content and clay content do not have clear tendency with depth. The minerals are usually used as an evaluation criterion for selecting the best segment for hydraulic fracturing. More brittle minerals, such as quartz, and less clays are usually better for hydraulic fracturing in unconventional reservoir [37] , which is widely accepted as one important criterion. However, the trends with depth are not clear enough in the research area, which means that the segment choice of hydraulic fracturing needs more consideration by the mineral components evaluation. It is critical to get the whole formation mineral type and content to get the more favorable formation segment for developing fractures. The potential influence of microfractures should be considered during hydraulic fracturing and gas production. Firstly, microfractures contribute to sample permeability stress sensitivity. The permeability is difficult to recover after confining pressure unloading while there are more microfractures. Thus, it needs further study on permeability with effective pressure, which will be conducted later. Secondly, microfractures are beneficial to generation of hydraulic fracture network. At the same time, microfractures are important flow channels for gas production. If fractures connect to each other under the hydraulic pressure, formation permeability can be improved greatly.
Casting Thin
Centrifuge Testing.
Results of centrifuge testing on volcanic rock are presented in Figure 3 . Samples with distilled water have a higher irreducible water saturation than samples with anion water, except for sample C. The average irreducible water saturation of samples with distilled water is 75.5%, while the average irreducible water saturation of samples with anion water is 62.6%. Experimentally, the reservoir damage caused by fracturing liquid filtration can be reduced by using the anion-water-based fluid.
Monitor Spontaneous Imbibition Using Nuclear Magnetic
Resonance Technique. Nuclear magnetic resonance technique was used in the experiments to clearly distinguish the distribution of the imbibed liquid with the soaking time in volcanic rocks. X-ray CT imaging technique has been previously used to research the spontaneous imbibition of low permeability sandstones [38] . However, this method cannot distinguish the exact distribution of the imbibed liquid, that is, the liquid distribution in the different pore sizes. The NMR technique has been widely used in rock analysis [39, 40] . The NMR method involves the motion of protons (Hydrogen 1 H) occurring in water and hydrocarbon fluids relative to the porous rock [41] . The fluid in large pores has a longer T2 value because more nuclei are available to exhibit the NMR effect, and the fluid in small pores has a short T2 value. The T2 relaxation time is inversely proportional to the specific surface of samples [42] . The T2 spectra as a function of spontaneous imbibition time is shown in Figure 4 .
The sample L1 has three isolated peaks (left peak area ≫ middle peak area ≫ right peak area). Its T2 spectrum fluctuates to a certain degree according to the peak area change, where the area at 184 min is a little larger than that at 208 min. However, it is understandable because of the experiment error. The T2 spectrum area becomes stable in less than 151 min. Its right peak area is very small, which indicates that the number of large pores and fractures is small. The left peak area takes up the largest proportion, which shows that the micropores dominate the porosity of the main sample.
The sample L2 has three isolated peaks (left peak area ≫ middle peak area ≫ right peak area). Its right peak area is too small to be detected clearly. Its middle peak and right peak area become stable very quickly, but its left peak area increases gradually after the sample is soaked in water for 256 min, which indicates that its micropores have a slow imbibition rate. If the rate of fracturing fluid flow-back is fast, the reservoir will have less damage in this type of volcanic formation. Figure 5 shows the water content of samples L1 and L2 as a function of spontaneous imbibition time. The sample weight is determined by analytic balance. As the sample is soaked in water, the water content of volcanic rock L1 becomes stable by 120 min. However, the water content of volcanic rock L2 is still increasing by the same elapsed time. This phenomenon indicates that volcanic rocks have strong heterogeneity.
Monitor Spontaneous Imbibition Using Pulse-Decay Permeability Technique.
The experiments concerning spontaneous imbibition have been performed with many types of rocks, especially sandstones and shales [43] [44] [45] [46] [47] . These studies have paid much attention to the damage caused by fracturing fluid filtration under the effect of spontaneous imbibition. At the same time, many types of additives have been added to the fracturing fluid to reduce the filtration rate and protect the target formation. Through reducing the fracturing fluid filtration, the formation permeability can be maintained. However, less research has focused on volcanic rocks. In this section, we used the pulse-decay permeability technique to monitor the rock permeability change with imbibition time. The rocks contacted the liquid at only one surface to simulate the fracturing fluid filtrating into the formation from the fracture surface. The volcanic rock permeability as well as the water content is shown in Figure 6 as a function of spontaneous imbibition time. The test condition is as follows: one surface of the sample contacts the distilled water to simulate the fracturing fluid filtrating into the formation through the fracture surface. The figure indicates that the permeability decreases quickly in the early period. The permeability of sample L3 reaches stability after the sample has been soaked for 100 min. At the same time, its water content approaches stability. However, the other five samples have different characteristics. Their water content continues to increase significantly while their permeability becomes stable. Thus, the water imbibed into the volcanic rock in the late period has little influence on the sample permeability based on L4 to L8; here the permeability change is the phenomenon of macro, where it is hard to distinguish the clay effect. However, in the micro scope the water is continually imbibed into micropores, which may be controlled by clay minerals and nanopores in the matrix. The fluids enters into the micropores by clay adsorption and capillary pressure. So the phenomenon that permeability does not change too much in the later period may occur because the fluid enters into the micropores, which have less contribution to the rock permeability than the main flowing channel.
The permeability change may have important influences to the flow-back scheme selection. The normal flow-back scheme includes fast flow-back, normal flow-back, and soaking back after fracturing. The basic consideration of the flowback scheme is the balance between fracture propping and water invasion. The fast flow-back can be used to minimize the water invasion and permeability loss. According to Figure 6 , the permeability of the six samples decreases significantly, which is about 80%∼90% of original permeability and reaches stability very quickly, where the stable times range from 20 min to 150 min. Therefore, the quick flow-back of fracturing fluid is a better choice to improve the effect of hydraulic fracturing which is beneficial for minimizing the permeability loss by water invasion. The less the fracturing fluid retained in the reservoir, the higher the permeability that can be obtained.
APT autoremoval is based on the liquid migration among different pores after flow-back. In Figure 6 , in the late imbibition period, it can be found that permeability keeps constant when imbibition mass still increases. It means that imbibition liquid at later period has no influence on rock permeability. In reservoir condition, after flow-back, liquid can move in some pores which have no contribution to reservoir permeability. Therefore, the gas flowing channels increase. Leak-off can also damage the reservoir permeability. However, after flow-back, when these leak-off liquids filtrate into some pores, which have no influence on reservoir permeability, the damage will decrease.
In addition, we illustrated the permeability loss after rock imbibition which is shown in Table 3 . The permeability loss is calculated as follows: (initial permeability − final permeability)/initial permeability, where the initial permeability refers to the dry sample permeability and the final permeability refers to the final time permeability during imbibition. From the table, we find that the permeability loss is very significant after imbibition. The permeability loss can be as high as 97.7% during the spontaneous imbibition process. Therefore, abundant fracturing liquid continuously imbibed into the formation damages the formation permeability. Because the water imbibed into formation increases with time, there will be more serious permeability loss; as is shown in Table 3 the permeability loss is in the range of 63%∼97%. Combining the analysis, we concluded that a fast flow-back scheme after hydraulic fracturing is necessary, because the fast flow-back technique can decrease the interaction time between water and formation, and hence the water imbibed into formation.
Permeability Stress Sensitivity.
The pulse-decay permeability measurement method has been widely recognized as a way to identify the ultra-low permeability rocks [28, 30, [48] [49] [50] [51] [52] [53] . Because the conventional permeability measurement is based on recording the flow rate during the experiment, the flow rate through the ultra-low permeability rock is too small to be measured exactly under the precision of present equipment. The pulse-decay permeability measurement is based on the change in differential pressure with testing time. It can satisfy the requirements of the ultra-low permeability measurement well. Permeability stress sensitivity has been performed on various rocks, especially the sandstones and shales [54] [55] [56] . Pressure drawdown can produce stress sensitivity [57] . Sandstone has less stress sensitivity than shale, which will vary by two to three orders of magnitude when the confining pressure is changed from 3 MPa to 120 MPa and then returned to 3 MPa [58] . In this section, we studied the permeability stress sensitivity of volcanic rocks in detail and propose two formulas.
Results of the sample stress sensitivity are presented in Figure 7 . The negative natural logarithmic permeability as a function of net confining pressure is shown in the -axis. Correlation coefficients of 2 = 0.9689-0.9987 are computed for the loading process in each sample. The unloading process has correlation coefficients of 2 = 0.8662-0.9608 generally lower than those observed for the loading process.
A fitted relation is presented for the permeability stress sensitivity of the loading pressure tests:
where is the rock pulse-decay permeability at different net confining pressures, 0 is the lower net confining pressure permeability, and is the net confining pressure. We can apply (1) to forecast the permeability of volcanic rock with increasing confining pressure. Similarly, a fitted relation for the unloading pressure tests can be determined by calculating the volcanic rock permeability:
where is the permeability under the maximum confining pressure and the other parameters are the same as in (1) . Equation (2) provides us with a power law function to forecast the permeability change by injecting energy to recover the formation fluid pressure.
Here we need to clarify a point that the fitted relation is proposed to understand the permeability stress sensitivity characteristic. The formulas could not be treated as law because there are different relations between different samples. These are more likely fitting relations that help us comprehend the characteristics observed in tested samples.
In Table 4 , where 0 is the permeability at a net confining pressure of 6 MPa in the loading pressure process and 01 is the permeability after the sample completes the process of unloading pressure and the net confining pressure reaches 6 MPa, is the loss rate of permeability, which is defined as
From the table, the value of ranges from 31.04% to 70.53%. The average value is 52.56%. Judging from the average value, the volcanic rock has high permeability stress sensitivity. Usually the production pressure difference is enlarged to get higher production rate when developing the low permeability formation, which means that the bottomhole pressure needs to be much smaller. However, the results here show that a high-pressure difference may result in serious permeability loss, harmful to gas production. So, in the process of developing the volcanic gas reservoir, it is necessary to keep the pore pressure at a high value to reduce the damage caused by the permeability stress sensitivity.
Discussion
Based on the results of the above experiments, the volcanic rock reservoir in this study has some special characteristics. The quartz content and clay content of the target formation in the Yingtai region do not have clear tendency with depth. So, the segment choice of hydraulic fracturing needs more consideration by the mineral components evaluation. At the same time the average clay content is 39.5%, which is a relatively higher content. There might be formation damage while adopting hydraulic fracturing [59] , where the degree is dependent on the clay content and water property injected.
There are some initial microfractures in volcanic reservoirs. When these initial fractures connect with the hydraulic fractures, the reservoir permeability can be improved greatly. However, these microfractures affect the volcanic rock permeability stress sensitivity. Furthermore, the fluid pressure decline has significant influence on the permeability stress sensitivity after hydraulic fracturing is performed. The strong permeability stress sensitivity requires measures for keeping the formation fluid pressure at a high value to realize long term development.
Centrifuge tests indicate that volcanic rocks have high irreducible water saturation. Combined with the field data, the initial water saturation is often far less than the irreducible water saturation, so the reservoirs have a strong capacity to absorb much fracturing liquid. Based on this characteristic, we should take the fracturing fluid imbibition property into consideration when choosing the low filtration fluid to exert hydraulic fracturing.
Volcanic rocks in this work are full of micropores as shown by nuclear magnetic resonance tests. Most micropores have less contribution to the formation permeability, which is presented by way of the pulse-decay permeability measurement in the process of spontaneous imbibition. In the late period of spontaneous imbibition, the sample permeability maintains stability while the water content increases. From the nuclear magnetic resonance experiment, we can find that micropores make up most of the porosity. The large pores and quick fractures were filled by liquid. Micropores absorb water slowly. However, these micropores have a strong capacity to absorb a large amount of water, which is beneficial to the permeability recovery and autoremoving aqueous phase trapping after the volcanic reservoir is subjected to hydraulic fracturing.
A large amount of fracturing fluid retention becomes a common phenomenon after hydraulic fracturing is performed in a tight reservoir. However, the permeability can be improved by performing a well shut-in for a period of time. Because micropores have a strong capacity to absorb fracturing liquid from other pores ranging from large pores to micropores, larger pores have a greater contribution to reservoir permeability than micropores, which was demonstrated by the experiments. Under the effect of capillary force, the main gas flowing channel becomes very large, so the entire permeability of the formation increases.
Two equations were proposed to forecast the volcanic reservoir stress sensitivity in the process of loading pressure and unloading pressure. The volcanic rocks have strong permeability stress sensitivity. So, keeping the pore pressure at a high level is very important in efficiently developing volcanic reservoirs.
Conclusions
The volcanic reservoir is an important tight reservoir. Efficient hydraulic fracturing and development contribute to commercial production of this type of reservoir. The study was trying to get the factors influencing the hydraulic fracturing based on the petrophysical properties. The following conclusions can be made regarding the volcanic reservoir in Songliao Basin, China.
(1) Quartz and clays are the main components in rocks of the research formation. Natural cracks also appear in the samples. These characteristics indicate that, during hydraulic fracturing, abundant quartz and natural cracks promote the generation of network fractures. However, the lack of understanding of the mineralogical effect (i.e., clays) and the challenges on sample heterogeneity increase the difficulty of selection of segments to fracturing.
(2) There is a quick decrease of rock permeability once the rock contacts water, which indicates that aqueous phase trapping (APT) happens when the fracturing fluids are pumped into the formation. The high irreducible water saturation causes the formation to be accompanied by strong spontaneous imbibition due to the low initial water saturation of prolific unconventional reservoirs. Also, the nanopores have strong capillary force, causing the liquid to migrate into the formation, which significantly influences the permeability of the formation. Fast flow-back scheme is applicable in this situation to minimize the damage.
(3) The pores filled during spontaneous imbibition are mainly the nanopores from NMR spectra. Because lots of water imbibed into the nanopores, the main flow channels become larger, which is beneficial to the permeability recovery after flow-back of hydraulic fracturing. This is helpful to understand the APT autoremoval of some volcanic reservoirs.
(4) Strong permeability sensitivity appears in volcanic rocks. Keeping the appropriate production differential pressure is very important in achieving the long term efficient development of volcanic gas reservoirs.
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